ERp29 is a resident protein of the endoplasmic reticulum (ER) lumen, which is thought to be involved in the folding of secretory proteins. In our previous work, it was found that, when treated with ionizing radiation (IR), the ERp29 expression was increased in mouse intestinal epithelia and cultured IEC-6 cells, which suggested that ERp29 might be a radiation-induced gene. The current work is to confirm the induction of ERp29 by IR and to analyze its role in irradiated IEC-6 cells. Our results showed that ERp29 expression was elevated by IR in IEC-6 cells at mRNA and protein levels in a time-dependent manner. IEC-6 cells with different exogenous ERp29 expression were obtained by transfection with sense and antisense expression vectors of ERp29 coding region. As ERp29 expression was inhibited, these cells exhibited more serious radiation injury and more sensitivity to IR-induced apoptosis. To further elucidate the induction of ERp29, we analyzed the XBP1 expression after IR. Results showed that the spliced form of XBP1 mRNA rapidly reached a peak at 3 hours after irradiation, which indicated that UPR sensor was involved in radiation and might be a reason to induce ERp29 expression. Our results demonstrate that ERp29 is a radiation associated protein and plays an important role in protecting cells from IR.
INTRODUCTION
Intestinal epithelial cells (IECs) are the major component of the intestinal mucosa barrier, and play important roles in the body owing to their many kinds of functions such as absorption, immunity, secretion, and so on. IECs are sensitive to ionizing radiation (IR), and they are one of the main targets in case of whole-body irradiation. 1) This is the main reason for high death rate of intestinal-type radiation disease. IR evokes a series of biochemical events inside of the cell, including the expression changes of many genes, which are associated with many important cellular processes, such as DNA repair, apoptosis, cell cycle control, and oxidative stress response. 2, 3) In certain circumstances, like non-lethal or local irradiatoin, intestinal epithelial can reconstruct epithelium by proliferation and differentiaiton of stem cells in the crypts. 4) It is our interest to study the genes related with the injury and reconstruction of small intestinal epithelium after radiation injury.
ERp29 is a recently characterized resident of the cellular endoplasmic reticulum (ER) that is expressed ubiquitously and abundantly in animal cells and has broad biological effects. [5] [6] [7] [8] As an apparent housekeeper, ERp29 is thought to be a general folding assistant for secretory proteins and to probably function as a PDI (protein disulphide isomerase)-like molecular chaperone. The reason is that ERp29 exhibits chaperone-like interactions with itself and other ER proteins, and its structurally homologous molecule, named as Wind in Drosophila melanogaster belongs to PDI-like chaperone. [9] [10] As PDI is its closest structural relative, ERp29 has been classified as a PDI-family member that lacks the classical dithiolmotif associated with thiol-disulphide oxidoreductase activities.
11) It was reported that the ERp29 precursor was apparently up-regulated as the sperm underwent epididymal maturation and expressed mainly on caudal sperm, and it may play a vital role in sperm maturation during the epididymal transit. 12) While these features are consistent with a protein-folding role, other findings indicate that ERp29 is functionally distinct from other major reticuloplasmins. Moreover, some researchers found ERp29 was expressed in a subset of basal-cell carcinoma of the skin and it was associated with the pathogenesis of skin cancer. 13) But the role of ERp29 in intestine is not clear.
Using comparative proteome approach in our previous work, we found that the expression of ERp29 protein was increased by ionizing radiation in mouse intestinal epithelia.
14)
The same results are found in cultured IEC-6 cells. 15) These finding suggested ERp29 may be a novel radiation-responsive molecule although there is no report indicated the function of ERp29 in ionizing radiation.
Increased expression of genes associated with UPR was also found in irradiated SCCVII tumor cells that grown in vitro. 16) This suggested IR could induce cellular UPR directly. As ERp29 expression was thought to be involved in the folding of secretory proteins and was induced by unfolded protein response (UPR), 17) we wondered whether induction of ERp29 expression by IR was mediated by UPR signaling. In response to UPR, XBP1 (a gene of ER stress sensor) was alternatively spliced by the activated endonuclease domain of IRE1, and resulted in a new open reading frame joining the bZIP domain with the new C-terminal transactivation domain, which appeared to induce transcription of UPR targets. 18) In this study we primarily tested whether induction of ERp29 expression by IR was mediated by XBP1 pathway in γ-ray irradiated IEC-6 cells. Here, we first confirmed the induction of ERp29 expression by IR, then analyzed the radiation injury in IEC-6 cells with different level of ERp29 expression, and finally detected the XBP1 splicing to elucidate the induction of ERp29. Our results indicated ERp29 was novel radiation associated gene in IEC-6 cells.
MATERIALS AND METHODS

Cell culture and irradiation
IEC-6 cells (ATCC, USA) were cultured in DMEM (Logan, USA) containing 10% fetal calf serum (Hyclone), penicillin (100 U/mL), and streptomycin (100 μg/mL). To test the induction of ERp29 by ionizing radiation, the 80% confluent monolayer of IEC-6 cells were irradiated with a 60 Coγ-ray source in doses of 5, 10 and 15 Gy (dose rate 3.28 Gy/min). After irradiation, the medium was immediately replaced with fresh one. The dishes were then returned to the incubator for another 24 hours culture. Then cells were harvested by trysinizing with 0.25% Trypsin (0.25% in PBS). To test the time course of ERp29 induction, cells were also irradiated and harvested at indicated times postradiation.
Real-time qPCR
RNA samples were extracted from irradiated and nonirradiated IEC-6 cells. A total of 5 mg mRNA was reverse transcribed to cDNA according to the manufacturer's directions (Roche Diagnostics, USA). ERp29-specific primers (forward: 5'TACAAGGTCATTCCCAAAAGCAAGT, and reverse: CGGAAGAGGTAGAAGACTGGGTAGC.) were designed using the Primer Express software (Applied Biosystems, USA) and were checked for gene specificity using NCBI/Blast. In presence of SYBR Green (BioFlux, Japanese) the primers were used to amplify the expressed cDNA of ERp29 using the ABI 5700 real-time PCR system (Applied Biosystems, USA 
Plasmid construction and stable cell lines with exogenous genes
A 800-bp EcoRI fragment containing the entire coding region of rat ERp29 was obtained from IEC-6 cells by RT-PCR (kit from Takara, Dalian, China) using forward (5' GCGAATTCTCTCCCGCTCCCACAAT) and reverse (5' GCGAATTCCGCCCTCAGCAAACCCT) primers synthesized by Shanghai Bioengineering technology Corporation (Shanghai, China). This fragment was inserted into the EcoRI cloning site of the expression vector pcDNA3 (Invotrogen, San Diego, USA). Vectors carrying the coding region in both sense (S) and antisense (AS) orientations (pcDNA3-ERp29-S and pcDNA3-ERp29-AS, respectively) were generated and varified by sequencing. Stable cell lines were generated by transfecting the IEC-6 cells with empty vector and recombinant vectors using Lipofectamine 2000 (Invotrogen, San Diego, USA), selecting with 800 μg/ml of G418 for 2 weeks, and individually picking up drug-resistant cell clones for further experiments. The cell clones with different vectors were named as IEC-Con, IEC-ERp29-S and IEC-ERp29-AS were screened by Western blot (with antibodies from ABR, USA) analyses before they were used in the studies.
Western Blot
A cell suspension was centrifuged at 1 000 g and the cell pellet was washed with ice-cold PBS for 3 times. Total proteins were extracted with lysis buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 7.4, 2 mmol/L EDTA, 1% NP-40) containing protease inhibitors. The protein concentration was determined using the Bradford dye-binding assay with bovine serum albumin as the standard. Total protein (30 μg per lane) was resolved on SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane and incubated with anti-ERp29 and anti-GAPDH antibodies (Santa Cruz, California), followed by incubation with corresponding secondary antibodies. The bands were visualized by using the enhanced chemiluminescence system (Pierce, Rockford, IL). The expression of ERp29 in IEC-6 cells was normalized by that of GAPDH. To validate the reproducibility, the tests were repeated for at least 3 times.
Cell growth curve and flow cytometry analysis
Exponentially growing cells were replated in 96-well plate, with 5 000 cells in each well. Twelve hours later, 20 μL of DTT solution (10 mg/ml) was added into the culture media, and the plate was returned to the incubator for another 4 h. After discarding the culture media, 200 μl of DMSO was added into each well. The plates were read on a Dynatech MR600 Microplate Reader at 490 nm. All data were normalized with solvent control. Also, the cell growth after radiation treatment was detected in the same way.
For cell cycle determination, exponentially growing cells were synchronized for 24 h in serum-free medium, and then changed to complete medium before irradiation. Sham control and radiated cells were harvested by trypsinization at 24 hr post-radiation, washed with ice-cold PBS. Then the cells were fixed in 75% ethanol overnight at 4°C, washed with PBS, digested by DNase-free RNase A (at a final concentration of 1 mg/mL) for 30 min at room temperature, stained with 50 mg/mL propidium iodide (PI) in PBS (1 hr on ice in the dark). Flow cytometry analysis was performed on a FACScan, and data were analyzed by using Multi Cycle software (Becton Dickinson). The presence of apoptotic cells was determined according to the SubG1 population.
Clonogenic assay for cell survival
The radiosensitivity of IEC-Con, IEC-ERp29-S and IECERp29-AS cells was assayed by clonogenic assays. Briefly, cells in monolayer culture during the logarithmic growth phase were trypsinized and resuspended in the medium. After irradiation, cells were seeded in 6-cell plate at concentrations predetermined to give 25-200 colonies at each dose (2, 4 and 6 Gy). Ten to fourteen days later, the cultures were fixed and stained with 0.5% crystal violet in absolute methanol, and colonies containing more than 50 cells were scored with a colony counter. Survival curves were generated by combining data from three independent experiments, with each experiment performed in triplicate.
TUNEL staining
Apoptosis was measured using a terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay. Exponentially growing cells of IEC-Con, IEC-ERp29-S and IEC-ERp29-AS were irradiated and fixed with paraformaldehyde for a few hours. The TUNEL staining of apoptotic cells was accomplished using the In Situ Cell Death Detection Kit (Roche Applied Science, Germany) according to the manufacturer's instruction, and the apoptotic index was calculated by dividing the number of apoptotic cells by the total number of cells. The cells were counterstained with hematoxylin. Positive controls were included with each group of samples stained.
RT-PCR analysis for XBP1
Total RNA from IEC-6 cells was isolated using the standard acid phenol/guanidine isothiocyanate procedure (Roche, USA) and reverse transcribed using M-MLV reverse transcription kit (Invitrogen, Carlsbad, CA, USA). A 379 bp fragment of the rat XBP1 spanning a 26 bp introns were amplified with forward (5'AAAACTCATGGGCTTGT-GATTGA) and reverse (5'GAAAGGGAGGCTGGTAAG-GAACT) primers. PCR products were purified, digested by PstI, and run on 2% agarose gel. The optical densities of DNA fragments were determined by the fluorescent image analysis. Treatment of IEC-6 cells for 16 h with 10 μg/ml tunicamycin (Sigma, St Louis, USA) with further isolation of RNA, RT-PCR and PstI digestion was used as a positive control for the XBP1 splicing event.
Statistical analysis
Statistical analysis was performed using the independent 2-tailed t-test. All P values were two-tailed and considered statistically significantly if less than 0.05. Means, standard errors, and P values were calculated using SPSS version 11.0 for Windows.
RESULTS
Induction of ERp29 by irradiation
Using comparative proteomics analysis, we found that ERp29 expression was induced by IR in IEC-6 cells in our previous work. To further confirm the induction of IR, the dose-and time-response were examined. The effect of various doses of radiation on ERp29 protein expression was assessed in IEC-6 cells by immunoblotting assays. As shown in Fig. 1 , results of three independent experiments showed similar dose responses. Increased expression of ERp29 was observed at all indicated doses, and maximal induction of ERp29 was observed at 15 Gy of irradiation (1.1 fold more than control). Time course studies indicated that the expression of ERp29 protein increased 6 hr after radiation at a dose of 10 Gy, with a peak at 24 hr and remained elevated even at 48 hours post irradiation. The data confirmed that a time-courses existed in the ERp29 expression induced by IR.
In order to determine whether induction of ERp29 by ionizing radiation was transcriptional or posttranscriptional response, we perform quantitative analysis of ERp29 mRNA expression after radiation. As shown in Fig. 1D , ERp29 mRNA expression was increased post-irradiation, with one peak at 12 hr and another peak at 48 hr. So it was clearly concluded that ionizing radiation could induce ERp29 mRNA expression, and thus give rise to its product accumulation.
Over-expression and suppression of ERp29 expression in IEC-6 cells
To test the role of ERp29 gene in radiation, the coding region of rat ERp29 was cloned into eukaryote expression vector pcDNA3 in either orientation, the sense and antisense. G418 resistant cell clones containing different vectors were obtained. The protein levels of IEC-Con, IEC-ERp29-S and IEC-ERp29-AS cells were detected. As shown in Fig. 2A , ERp29 expression in IEC-ERp29-AS cells was significant decreased, and that in IEC-ERp29-S was significant increased. These cells with different level of ERp29 expression provided a convenient cell model to investigate the gene function in vitro. However, it was reported that the expression of other ER chaperones such as GRP94 and BiP was also enhanced while ERp29 expression was enhanced. 19 ) So we also detected the expression of GRP94 and BiP in transfected IEC-6 cells. The results showed ERp29 overexpression did not induce the expression of GRP94 and BiP, and it was not affected by down-regulation of ERp29 expression ( Fig. 2A) .
As IR could induce ERp29 expression, the biological function of ERp29 in irradiated IEC-6 cells was tested. First, the cell growth curves of IEC-Con, IEC-ERp29-S and IECERp29-AS cells were plotted based on the data of MTT assay. As shown in Fig. 2B , cell growth of IEC-ERp29-S was the same as that of its control, and IEC-ERp29-AS cells was moderately delayed. However, the difference was not significant. This indicated that neither reduced ERp29 expression nor increased expression has obvious effect on cell proliferation.
The effects of radiation on cell viability
IEC-6 cells expressing different level of ERp29 were irradiated and acute cell viabilities were compared by MTT assay. Inhibition of cell growth was dose-dependent and mostly time-dependent in all cell types (Fig. 3A) . Using 10 Gy irradiation, the growth of all tested cell types was inhibited dramatically. After 10 Gy irradiation, the cell viability of IEC-Con, IEC-ERp29-S and IEC-ERp29-AS fell respectively to 49.7, 48.5, and 28.5% of the non-irradiated control on days 4. Cell viability was related with the level of ERp29 expression, especially for the low ERp29 expression cells, in which more serious acute radiation injury displayed.
Clonogenic assay is a classic model for analysing the IRresponse of a cell population. Result of clonogenic assay showed more cell survival of IEC-ERp29-S cells compared to that of its normal control (Fig. 3B ). But the difference was not significant. And cell survival of IEC-ERp29-AS cells was significantly decreased after radiation. About 67% of IEC-Con cells survived after 6 Gy of irradiation while only 48% of IEC-ERp29-AS cells survived. These data suggested that IR-induced ERp29 might promote cell survival and/or cell proliferation after radiation treatment. 
Cell cycle arrest and increased radiation induced apoptosis
To determine the effect of ionizing radiation on the cell cycle distribution, and to demonstrate that inhibition of ERp29 expression could stimulate apoptotic cell death after radiation, IEC-Con, IEC-ERp29-S and IEC-ERp29-AS cells were harvested and analyzed by flow cytometry. Cell cycle distributions of irradiated and unirradited cells were list in Table 1 . Twenty-four hour after irradiation, the sub-G1 population, the indicator of apoptosis, of IEC-Con cells increased from 0.19% to 7.76% (P < 0.05). Similar result was obtained from IEC-ERp29-S cells. In contrast, more apoptosis cells were observed in IEC-ERp29-AS group. Even without irradiation, sub-G1 population of IEC-ERp29-AS cells was larger than other two groups, indicating IEC-6 cells with lower ERp29 expression tend to undergo apoptosis. Moreover, the G2-M/G1 ratio was increased in all groups, which indicated the G2 checkpoint arrest. But maximum increase was found in IEC-ERp29-AS group (181% of that in IEC-Con group), and minimum increase in IEC-ERp29-AS group (73% of that in IEC-Con group).
To confirm the induction of apoptosis TUNEL staining was alternatively performed. Figure 4 illustrates the difference in the incidence of spontaneous and radiation-induced apoptosis of each cell group. Apoptotic index after 10 Gy irradiation increased from 3.5 ± 0.45% to 4.8 ± 0.62% in IEC-Con group, and from 3.1 ± 0.41% to 4.6 ± 0.56% in IEC-ERp29-S group. However, significant increase of apoptosis in IEC-ERp29-AS group was documented as from 10.5 ± 1.52% to 25.3 ± 3.58% after 10 Gy irradiation. In all, although increased ERp29 expression did not show significant effect on radiation induced cell apoptosis; decreased ERp29 expression enhanced radiation induced cell apoptosis.
XBP1 activation in 10 Gy irradiated IEC-6 cells
ERp29, a ubiquitously expressed endoplasmic reticulum (ER) protein, was induced in unfolded protein response. 20) Previous studies indicated common mechanisms underlying chaperone-induction phenomena. Compensatory increase of ER chaperones under ER stress was believed to be regulated by bZIP transcription factor XBP1. So we investigated the possible causative link between the ERp29 elevation in irradiated IEC-6 cells and the activation of the key UPR sensor. We first detected XBP1 protein by western blot, but the faint bands were hardly discriminate. So we studied the activation of XBP1 by identifying the splicing of the 26-bp fragment (intron) from the XBP1 mRNA. This reaction was catalyzed by the active IRE1 and resulted in the reading frame shift and translation of the transcriptionally active XBP1 protein.
The 26 bp intron presented in the unspliced mRNA contains a unique PstI recognition site. Digestion of the 379-bp PCR fragment of the XBP1 cDNA encompassing this restriction site was used to discriminate between spliced (PstI-resistant) and unspliced (PstI-sensitive) forms of XBP1. Surprisingly, spliced form was found in each sample (Fig. 5 ) and the relative amount of spliced form reached a peak at 3 hr after irradiated, and then declined rapidly to normal level at 6 hr later. The variation of XBP1 mRNA in IEC-6 cells after irradiation indicated that UPR transducer was involved in radiation, and might be a reason to induce chaperone such as ERp29.
DISCUSSIONS
The novel findings in this study are that: 1) ionizing radiation induces ERp29 expression in rat intestinal cell line IEC-6; and decreased ERp29 expression sensitizes this cell to radiation; 2) UPR signaling may be involved in induction of ERp29 expression by IR. Full-length cDNA of ERp29 was first isolated from rat enamel cells, which encodes a 29 kd protein with structural features of reticulum-retention motif. 21) Analysis of the tissue distribution of ERp29 shows a wide constitutive expression in all tissues, indicating it is an apparent housekeeper. Also, ERp29 is a stress inducible protein. Similar with most luminal stress proteins, ERp29 is induced transcriptionally in UPR condition such as glucose starvation, glycosylation suppression by tunicamycin, and A23187 treatment. Concerted induction of GRP78 and GRP94 under these conditions is associated with a concomitant rise in the rate of synthesis of ERp29. 20, 22) In our previous work, we found that ERp29 protein was increased in epithelia cells post radiation in vitro and in vivo by 2-dimensional electrophoresis. However, the role of ERp29 in intestine has not been reported. To our knowledge, this is the first time that ERp29 was linked with ionizing radiation, but their relationship remains obscure. In current work, we confirmed that the expression of ERp29 in IEC-6 cells was also induced by ionizing radiation in a dose-and time-dependent manner, indicating an IR-responsing feature. Over-expression of ERp29 had no significantly effect on cell viability and cell survival, but decreased ERp29 expression led to IEC-6 cells vulnerable.
IR induces a series of biochemical events inside of the cell. With the accumulating evidences in the literature that new proteins (or genes) found to be implicated in radiation response, the molecular mechanism underlying the radiation damage remains elusive. It was reported that the expression of genes associated with UPR was increased in irradiated SCCVII tumor cells. Also, transcription factors such as ATF4 were known implicated in irradiated HT-29 cells.
23)
Another type of radiation-ultraviolet radiation could generate reactive oxygen species and consequently induces DNA damage, which was similar with IR. Genes involved in stress response (HSP70, HSP40, HSP86) and genes encoding transcription factors (EGR-1, ETR-101, c-JUN, ATF4) were found increased in primary cultures of human melanocytes in response to UV radiation. 24) These findings suggested radiation could regulate those genes including UPR transducer and therefore UPR targets. However, the detailed molecular mechanism underlying UPR transducer induced by IR remained unknown.
In the early stage of the UPR under certain stress, higher levels of reactive oxygen species (ROS) are generated from disulfide bonds through the action of protein disulfide isomerase and from mitochondrial electron transport chain. 25, 26) As it is well known that one of the early effects of IR is to produce a variety of highly reactive free radicals that damage cells, initiate signal transduction pathways, and alter gene expression. So we presumed radiation could induce UPR directly. UPR is activated through three UPR sensors, ATF6, IRE1 and PERK. [27] [28] [29] In unstressed cells, these sensors are silenced by interaction with a major ER chaperone, BiP. 30) Under certain UPR stress, BiP was dissociated from the luminal domains of the sensor molecules in order to maintain certain levels of free BiP, thus activating ATF6, IRE1 and PERK. 31, 32) IRE1 is activated via dimerization of their luminal domains and autophosphorylation, and subsequently triggers formation of the active form of XBP1 by the IRE1-controlled alternative splicing.
33) The detection of active XBP1 in all samples suggested its expression in IEC-6 cells was constitutive and inductive early after irradiation. Maximum induction of active XBP1 appeared earlier than that of ERp29 protein. We speculated IR induced the accumulation of active XBP1 mRNA, but its function as a transcription factor was carried out by its protein. Due to the translation of XBP1 mRNA and translocation to nucleus, induction of ERp29 expression was thus later than that of XBP1 mRNA. As the signal pathway of ER stress was concerned, maybe the other two pathway of ATF6 and PERK were also involved in radiation induced ER stress, 34) but further experiments were needed to address this issue completely.
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